Background The genetic diversity and structure of long-tailed macaques (Macaca fascicularis) in Peninsular Malaysia, a widely used non-human primate species in biomedical research, have not been thoroughly characterized. Methods Thirteen sites of wild populations of long-tailed macaques representing six states were sampled and analyzed with 18 STR markers. Results The Sunggala and Penang Island populations showed the highest genetic diversity estimates, while the Jerejak Island population was the most genetically discrete due to isolation from the mainland shelf. Concordant with pairwise F ST estimates, STRUCTURE analyses of the seven PCA-correlated clusters revealed low to moderate differentiation among the sampling sites. No association between geographic and genetic distances exists, suggesting that the study sites, including island study sites, are genetically if not geographically contiguous. Conclusions The status of the genetic structure and composition of longtailed macaque populations require further scrutiny to develop this species as an important animal model in biomedical research.
Introduction
The long-tailed macaque (Macaca fascicularis), which is also known as cynomolgus macaque and crab-eating macaque, is found in Brunei, Cambodia, Indonesia, Malaysia (including the peninsula as well as Sabah and Sarawak in East Malaysia), the Philippines, Singapore, southern Thailand, southern Vietnam, and Nicobar, India [13] . [Correction added on 26 June 2014, after first online publication: The first sentence of the Introduction was edited to include Nicobar, India as one of the places where the long-tailed macaque (Macaca fascicularis) can be found.] Long-tailed macaques are desirable for use in medical and scientific research [39] and are primarily used in biotechnological and biomedical research on infectious diseases such as AIDS [50] , influenza [22] , tuberculosis [5] , measles [37] , and neurological diseases, including Alzheimer's [47] and Parkinson's [9] diseases. The genetic composition of study subjects is one of several factors known to influence experimental outcomes [16] . An animal's genetic background reflects the genetic variation and structure of the populationstructure of these source populations are important for selecting the most appropriate individuals for particular research studies.
The analysis of the genetic variation of long-tailed macaques is necessary for the efficient use of the species in biomedical studies [23] . Evaluation of genetic differentiation at the intra-and inter-population levels of long-tailed macaques is also important for the conservation of genetic resources and inbreeding management. Several studies have found that M. fascicularis from different ancestries differ in the genetic variability of their mtDNA, Y chromosome, and autosomal markers [2, 3, 40, 42, 43] . Despite these efforts, the characterization of the genetic variation of natural populations of the longtailed macaque species is still required on a much larger genomic scale as well as the geographic scale.
The combination of observed data from wild animals and the use of molecular markers to conclude genetic relationships between individuals have provided perceptions into mating systems, reproductive strategies, dispersal patterns, genetic relatedness, and the influence of kinship on social behavior [8, 29, 40] . In brief, analysis of the genetic structure of populations affords insight into the evolutionary consequences to different social groups of animals [26] .
Large numbers of chromosomally unlinked and highly polymorphic short tandem repeats (STRs) [48] can be analyzed from blood, feces, hair, and other biological sources from wild populations. As such, these markers have emerged as one of the most widespread choices for population genetic studies due to their potential to generate high-precision data for estimating genetic variation and structure, rates of deviations from panmixia (random mating), and also assessments of parentage and kinship [17] [18] [19] 36] . STR markers isolated in a species can be cross-species amplified in other related species with a variable degree of achievement [11] . Kikuchi et al. [21] selected 148 STR markers from the human genome database to develop a panel of STRs that was applicable for genome-wide screening of long-tailed macaques. After the cross-species amplifications, 66 of 148 of the crosses showed polymorphisms and single-gene inheritance. Moreover, Higashino et al. [15] isolated 671 STR markers through established BAC (bacterial artificial chromosome) clones to investigate the level of polymorphisms in long-tailed macaques; 499 of them were found to be polymorphic. Nevertheless, the use of STR markers for the study of genetic variation of various subspecies of long-tailed macaques has rarely been researched [19] .
Several studies have assessed the molecular phylogenetic relationships among macaque species or populations throughout relatively large geographic areas of Southeast Asia; Blancher et al. [2] confirmed the mixed origin (Indonesian/continental) assumption of Mauritius long-tailed monkeys and a population bottleneck estimated by mtDNA polymorphism. Chu et al. [6] studied sequences of the mitochondrial DNA control region to provide genetic evidence for the evolution and dispersal scenario of the three closely related macaque species, M. mulatta, M. cyclopis, and M. fuscata, in eastern Asia. Smith et al. [40] , analyzing nucleotide diversity between mtDNA, revealed that long-tailed macaques from Malaysia and Indonesia were far more genetically diverse, while those of Mauritius were less diverse than any other population studied. In addition, Kawamoto et al. [20] , Tosi and Coke [42] , and Stevison and Kohn [41] have employed molecular phylogenies to determine the geographic backgrounds of non-endemic human-introduced macaque populations. Schillaci et al. [38] indicated the likelihood of monophyly for the longtailed macaques from Singaporean relatives to other Southeast Asian populations for five different mitochondrial gene fragments. In line with the aforementioned efforts, Li et al. [23] attempted to determine the genetic variation for M. f. fascicularis and M. f. aurea monkeys from Indonesia and Cambodia using 26 microsatellite markers. Nevertheless, very few studies have focused on the molecular relationships of natural/wild populations of macaque species in Peninsular Malaysia. As such, the present study employed 18 polymorphic STRs from several sources [18, 19] to assess the genetic variation and structure among the 13 sampling sites of wild long-tailed macaques from Peninsular Malaysia.
Methods
The investigation detailed in this manuscript complied with the protocols approved by the institutional Animal Care and Use Committee (IACUC), University of California, Davis, USA as adopted by the PREDICT Programme in Malaysia under which the Department is working collaboratively with the EcoHealth Alliance, the Ministry of Health Malaysia, and the Veterinary Services Department, Malaysia. In total, 200 DNA samples were extracted from long-tailed macaque liver tissues using the BIONEER AccuPrep â Genomic DNA Panels of 18 STR markers with high expected heterozygosities were selected from the studies by Kanthaswamy et al. [19] , Satkoski et al. [36] , Kikuchi et al. [21] , and Rogers et al. [33] ( Table 2 ). The amplifications of the STR loci were conducted in 10 ll reactions using a Biometra TProfessional thermal cycler (Biometra, Goettingen, Germany (Table 2 ), and 15 s at 72°C. Duration of final extension was 7 minutes at 72°C. The amplified DNA fragments were electrophoresed using 4% MetaPhor Agarose gels and 8% polyacrylamide gels (PAGE) for better resolution. Fragment sizes were visualized and assigned using the UVIdoc gel documentation system and program (UVITEC, Cambridge, UK). For dimeric and tetrameric loci, allele sizes were rounded to integers two or four units apart, respectively. The data were examined for probable scoring errors due to stutter or large allele dropout, and incidences of null alleles were examined using the program MICRO-CHECKER version 2.2 [45] . The extent of genetic variation for each locus throughout the populations, the observed (n a ) and effective (n e ) numbers of alleles per locus and the observed (H O ) and expected (H E ) heterozygosities, were determined using GENEPOP version 4.2 [32] for per locus and ARLEQUIN version 3.5.1.3 [10] across all 18
STRs for each study population. GENEPOP 4.2 [28] was used to test for adherence to Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) among pairs of loci in each population at the 0.05 significance level using Fisher's exact tests [32] with unbiased Pvalues generated by the Markov Chain Monte Carlo (MCMC) approach [14] with 5000 iterations per batch.
The polymorphism information content (PIC) value [4] , which shows the informativeness of markers, was estimated for each locus using the POWERMARKER software version 3.25 [24] . F-statistics [F IS (inbreeding coefficient) and F ST (population subdivision coefficient)] were ascertained using FSTAT 2.9.3 [12] to test for nonrandom mating in the Malaysian long-tailed macaque populations, and the 95% confidence intervals (CI) for each calculation were evaluated by bootstrapping across loci by performing 1000 permutations of the data [12, 49] . Positive F-statistics indicate an excess of homozygosity caused by inbreeding (F IS ) and/or genetic subdivision (F ST ) [51] . Analysis of molecular variance (AMOVA) implemented in Arlequin [10] was performed to quantify the extent of population differentiation and the distribution of genetic variations within and among the 13 regional sites of long-tailed macaques. The same software was used to estimate the pairwise F ST [49] . The significance of the pairwise F ST evaluations was verified by a probability distribution created from permutation tests (N = 1000) with Bonferroni corrections for multiple comparisons. A population-specific F ST , the mean pairwise F ST estimate produced by comparing a specific population with all others, was computed for each population as well. Values of pairwise F ST were examined for linear correlation with values of gene diversity (expected heterozygosity) assumed under the neutral hypothesis [32] .
We used a principal components analysis (PCA) and a Bayesian clustering analysis to characterize the population structure among the 13 different long-tailed macaque sampling sites. The PCA was performed using SMARTPCA contained in the EIGENSOFT version 5.0 program [30] , which employs a key refinement to the PCA-based algorithm for improved resolution of population genetic stratification based on the Tracy-Widom (TW) theory. This program generated the number of genetic clusters among the sampling sites based on each animal's coordinates along axes of variation.
To determine whether the long-tailed macaques' nuclear genetic variation at the 18 STRs complied with a geographic pattern, the Bayesian analysis was implemented with the program STRUCTURE 2.3.4 [31] to classify individuals discretely among the K PCA-correlated long-tailed macaque genetic clusters or subgroups. According to Patterson et al. [30] , PCA methods may , the posterior probability that the data correspond to the hypothesis of K a priori assigned genetically distinctive groups, to evaluate the fractional association of each animal in each group, and by that token, detect the presence of genetic admixture among these individuals. Simulations were performed with 5 9 10 5 iterations after a burn-in period of 10 5 using prior population information (admixture with LOCPRIOR). The STRUCTURE runs were repeated 10 times with each set of postulations to ensure that group assignments with the highest probabilities were identified.
Results
Eighteen loci were utilized for the genetic studies. All the amplified bands revealed sizes within or very near the previously reported size ranges based on the literature (see Table 2 ). The studied loci provided robust and reliable amplifications of polymorphic bands and exhibited high levels of genetic heterogeneity. When data from the different sampling sites were pooled, none of the loci presented any evidence for null alleles at statistically significant levels (P-value < 0.05). All 18 markers were also statistically unlinked (P-value > 0.05) after data from the different sites were pooled. Estimates of allele number (n a ), observed (H O ), and expected (H E ) heterozygosities that averaged over the study sites for each of the 18 loci are presented in Table 3 . The H O values across all the loci ranged from 0.33 (D1s548) to 0.68 (D7s1826) with a mean value of 0.50. The H E values throughout all the loci ranged from 0.71 (D1s548) to 0.89 (D15s823) with a mean value of 0.80. A high PIC value relies on the number and frequency distribution of the alleles calculated. Botstein et al. [4] considered markers with PIC values greater than 0.500, such as those used in this study, as highly informative.
The statistical significance of 2-locus LD among 18 STR loci was tested using the exact test; the LD P-values were obtained for 153 pairs of combinations in each population. At the adjusted P-value for 5% nominal level (0.00032), no population showed any significant LD between the locus pairs that were located on the same chromosome (D4s1626 & D4s2365, D7s1826 & D7s794, D8s1106 & D8s1466, D9s934 & D9s921, and D10s1432 & 271j8). Exact tests of HWE in probability of P-value < 0.05 after Bonferroni correction demonstrated that various loci from the 18 loci studied here significantly deviated from HWE for each group: Damansara (Selangor) = 10; Subang (Selangor) = 7;
Jeram (Selangor) = 5; Puncak Alam (Selangor) = 11; Tanjung Sepat (Selangor) = 8; Pahang = 9; Perak = 11; Port Dickson (Negeri Sembilan) = 9; Sunggala (Negeri Sembilan) = 12; Bukit Jering (Kelantan) = 5; mainland Penang (Penang) = 4; Jerejak Island (Penang) = 8; and Penang Island (Penang) = 13.
The average number of STR alleles (n a ) and the average observed (H O ) and expected (H E ) values of heterozygous genotypes in each population are presented in Table 4 . The Sunggala (Negeri Sembilan) population showed the highest average number of alleles per locus (n a = 8.3) and the Jerejak Island (Penang) the lowest (n a = 5.8), as other populations presented 6.3-7.8 alleles per locus. The lowest average of H E belonged to Jerejak Island (0.76) that was mainly accompanied by lower numbers of alleles. Estimates of H O varied from 0.40 (Penang Island, Penang) to 0.54 (Subang, Selangor and Bukit Jering, Kelantan), while H E ranged from 0.76 (Jerejak Island) to 0.83 (Sunggala).
All pairwise F ST and F IS assessments, presented in Table 4 , were statistically significant at the 0.05 level of probability (significance test results not shown). Genetic differentiation was lowest (pairwise F ST = 0.033-0.038) among mainland Penang, Jerejak Island, and Penang Island populations, while the greatest divergence (pairwise F ST = 0.106-0.109) was observed among the Damansara, Perak, Bukit Jering, and Jerejak Island populations. The population-specific F IS estimates were significantly high (F IS > 0.31) across all the populations of which the greatest value belonged to Penang Island (F IS = 0.53). Population-specific (average pairwise) F ST values varied from 0.057 (mainland Penang) to 0.086 (Jerejak Island) with the other populations ranging between 0.061 and 0.084, reflecting the lowest and highest partially differentiated populations of mainland Penang and Jerejak Island from all others, respectively.
Patterson et al.'s refined PCA [30] revealed seven genetic clusters with 95% CI (Fig. 3A) . While some long-tailed macaques differentiated along the second linear discriminant (LD2) cluster, the position of most of the other animals cannot be as easily discriminated geographically. Despite the appearance of the genetic clusters as a conglomerate in PCA space, several Port Dickson and Sunggala individuals were separated from the rest of the study animals along the first linear discriminant (LD1).
The application of PCA-based prior group information assisted the Bayesian clustering formation of the STRUCTURE program (Fig. 3B) . As indicated by their mixed colors, STRUCTURE analysis suggests that the Jeram and Puncak Alam sites in Selangor consist of populations that are more genetically heterogeneous compared with the rest of the study sites. The Puncak Alam population with a H E estimate of 0.80 exhibited the most genetically admixed individuals with almost equal proportions of admixture from four different genetic clusters.
(B) (A) Fig. 3 (A) The PCA determined that the highest level of structure with seven distinct genetic clusters (i.e., K = 7). The first four of the PCA axes explain approximately 75%, 18%, 4%, and 3% of the genetic variation among the long-tailed macaques, respectively. As the first two axes explain over 90% of the variance in this population, this two-dimensional solution is adequate. (B) Clustering assignment depending on the Bayesian approach under an admixture model provided by STRUCTURE software; the analysis for the most likely value of K (K = 7) based on the PCA analysis. Each individual is characterized by a single column that is divided into segments whose size and color correspond to the relative ratio of the animal genome corresponding to a specific cluster; each color represents a cluster. Study sites are separated by black lines. The numbers on the x-axis correspond to a specific sampling site of long-tailed macaques. The y-axis shows the probability of assignment of an individual to each population cluster. The numbers on the x-axis are ascribed as follows: Damansara, Tanjung Sepat, Perak, and Jerejak Island (Penang) each formed a homogenous group, respectively. Jerejak Island, which is the most homogenous and discrete population in this study, formed the fifth cluster (green), which also comprises half of the Penang Island individuals, thus showing a small but notable separation between the two islands. STRUCTURE also revealed a greater genetic affinity (green) between the Penang, Damansara, Subang, and Pahang populations than expected. To a larger extent, the Pahang individuals were affined with the Tanjung Sepat in Selangor (yellow). Essentially, two additional genetic subdivisions (dark blue and orange) were inferred among the Sunggala (Negeri Sembilan) animals; while approximately half of its population clustered with the Port Dickson animals (dark blue), the rest of the Sunggala's animals grouped with the Bukit Jering (Kelantan) and half of Penang Island individuals to form the orange cluster. The highest estimates of H E (0.83) were recorded in Sunggala and Penang Island probably because each of these sites contained animals belonging to two separate genetically homogenous clusters.
A Pearson's correlation coefficient to assess the relationship between F ST and geographic distances (Table 4) implied that isolation by distance is absent (P-value > 0.05), that is, there is no association between genetic distance and geographic distance. Yet, the results of the AMOVA (Table 5) showed that the majority (93%) of variation is within each of the 13 study sites. The population-specific F ST (range = 0.06-0.09; mean = 0.07), which indicates a reasonably low to moderate differentiation among the subpopulations, is also concordant with the estimate of 7% genetic divergence that is attributable to the moderate variation among populations based on the AMOVA. Concordant with the F ST estimates, the clustering patterns from the STRUCTURE analysis also confirmed the lack of genetic structure among the tested sites as well as a lack of significant change in allele frequencies across the distributional range of the longtailed macaque populations in Peninsular Malaysia.
Discussion
We succeeded in amplifying 18 STR loci in 200 longtailed macaque samples using the polymorphic loci reported in previous studies of the same species [18, 19] . All of the loci employed in this study provided robust amplifications of polymorphic bands and were highly informative. The number of alleles and the observed and expected heterozygosity estimates were slightly lower than those reported in other studies [18, 19, 21] .
Estimates of F IS calculated in this study are much greater than those in other populations of long-tailed macaques in Southeast Asia [18] . The much greater values of H E compared with those of H O arose from high F IS values which are often associated with lower observed heterozygosity for populations of a single species [29] . As none of the 18 loci analyzed showed significant and systematic effects from null alleles across populations, the high values of F IS and excess homozygosity among animals in this study probably stemmed from non-random mating within the social units that were sampled and from remote inbreeding at the local levels [18] . Furthermore, the positive F IS values could also be ascribable to our opportunistic sampling near human settlements, which may have favored related animals from low-ranking matrilines marginalized from the main social group and thus more likely to be trapped. On the other hand, our sampling strategy may have introduced a bias in favor of related higher-ranked animals, which can readily explore group boundaries unchallenged and are thus more likely to stray into dangerous human zones.
Patterson et al. [30] argued that estimating K with STRUCTURE is statistically unsound; therefore, we used their TW-enhanced PCA to first identify the different genetic clusters of long-tailed macaque individuals for the STRUCTURE run. The PCA detected a maximum value of K = 7 genetic clusters, and the PCA plot in Fig. 3A confirmed the close genetic relationships among most of the geographically disparate sites. Based on this outcome, the STRUCTURE analysis was subsequently performed under the assumption that seven genetically discrete clusters of long-tailed macaque individuals exist among the different examined sites. The admixed structure in the mainland Penang, Penang Island, and Jerejak Island populations demonstrated in the STRUCTURE analysis (Fig. 3A) was also supported by the pairwise F ST test. This cluster along with the Tanjung Sepat -Pahang, the Port DicksonSunggala, the Penang -Pahang -Selangor (Damansara and Subang), and the Sunggala -Penang Island -Bukit Jering clusters suggest that these populations not only experience the combined effects of genetic drift and gene flow (both natural and human assisted), but also have only recently diverged.
These patterns of STRUCTURE-based assignments and pairwise F ST estimates imply that population differentia- tion has occurred at variable rates that are not proportional to geographic distances. Genetic drift has played a significant role in shaping these populations' genetic composition but the larger effective population sizes of long-tailed macaques in the mainland have minimized Wahlund's effect [46] , that is, reduction of heterozygosity across populations caused by substructure among populations. For instance, Bukit Jering in northern Peninsular Malaysia is surrounded by tall mountainous areas, but exhibits the highest population-specific F ST value (0.084) among all mainland populations. The high level of genetic homogeneity within the Jerejak Island population reflects its relative genetic isolation and restricted population size from the rest of the study sites.
In spite of significant geographic barriers, the Jerejak Island, mainland Penang, and Penang Island populations exhibit low to moderate genetic divergence. These islands have been connected to the mainland during the Pleistocene glacial periods and then became separated from the mainland as the sea levels rose [1] . Using Ychromosomal data, Rovie-Ryan et al. [35] estimated that the Penang island-Penang mainland split occurred about 0.7-0.4 mya, and based on mtDNA evidence, Rovie-Ryan et al. [34] reported that mainland Penang and the Penang island long-tailed macaque populations still share haplotype Hap4. Human interference may have also contributed to the current long-tailed macaque population genetic structure observed in this study. The individual assignment test in STRUCTURE revealed an affinity between the Penang and Selangor populations. This genetic similarity between these geographically distant sites probably resulted about 40-50 years ago when local traders transported long-tailed macaques from Penang into Selangor for exportation [27] . Based on the AM-OVA, partial genetic differentiation among the mainland study sites corresponded with their adjacent geographic proximity. As such, the rapid growth of human populations, urbanization, and conversion of rain forests to other forms of land use may have forced the relocations of many groups of long-tailed macaques. This may have led to admixture among some of the mainland populations and resulted in a more geographically complex distribution with substantial overlap among different genetic clusters among these populations.
In contrast to the rhesus macaques (Macaca mulatta), another biomedical relevant non-human primate species, the genetic variation of Malaysian long-tailed macaques is largely uncharacterized. In order to develop this long-tailed macaque population as a non-human primate model for biomedical research, this study attempted to provide a better understanding of this population's genetic structure and genetic diversity. Although there are some insular differences and more noticeable structure among sites closest to the mainland, there is evidence from this study that the combined affects from genetic drift, inbreeding and natural and human assisted gene flow, could have contributed to the lack of clinal variation among the Peninsular Malaysian long-tailed macaque populations. Hence, based on this study, one Peninsular Malaysian long-tailed macaque is as good as another for purposes of biomedical research. Work remains to be done in the future which includes mtDNA analysis to compare peninsular to other mainland and insular Southeast Asian and Mauritian haplotypes for further examination of possible founder effects and genetic structure.
